Regional carbonate alteration of the crust associated with major shear zones provides direct evidence for CO2-rich fluid mobility. A good example occurs within the Attur lineament, one of numerous Proterozoic shear zones which crosscut charnockitic gneisses and other lithologies of the southern Indian craton. At this locality, widespread carbonate alteration of silicate rocks has involved growth of ankerite and other carbonate minerals which replace preexisting silicates. Some of the ankerite was subsequently recrystallized to fine-grained calcite and iron oxide, accompanied by sericitization of feldspar. Carbon, oxygen, and strontium isotope analyses of samples of ankerite and calcite, together with some of the coexisting silicate minerals, have been used to constrain the conditions of formation of the carbonate alteration and the origin of the fluids involved. 613C values of ankerite are relatively homogeneous, ranging between -6.5 and -3.9%o with a mean of -5.3%0. 5180 is also fairly homogeneous, mostly ranging from + 7.4 to + 9.3%0 with a mean of + 8.5%0. These values suggest that the ankerite was deposited from fluids with fairly uniform carbon and oxygen isotopic composition over a narrow temperature range. Aquartz-plagiociase and Aquartz-ankerite are uniform and low in all samples, and quartz-plagioclase fractionations are very similar to those observed in pristine, uncarbonated high-grade gneisses throughout southern India. The ankerite probably formed close to equilibrium with the silicate minerals, at temperatures at least as high as -500°C. The fine-grained calcite has a similar 8'3C to the ankerite (mean = -4.5%o), but 6180 ranges to much higher values (up to +21.4%o), consistent with the calcite having formed at much lower temperatures by recrystallization of ankerite, possibly during late-stage infiltration of H0O-rich fluids. The age-corrected 87Sr/86Sr ratios of bulk carbonate samples mostly fall between 0.704 to 0.710, extending to significantly higher values than the range of initial ratios of Late Proterozoic carbonatite, syenite, and alkali gabbro plutons that are found as small intrusions all along the Attur lineament. However, ankerite samples have almost identical carbon, oxygen, and strontium isotopic composition to these plutons. The igneous-like isotopic composition of the ankerite is consistent with its being deposited from magmatic fluids released from these alkalic, mantle-derived magmas. Carbonate alteration of this type, often localized along major shear zones, may represent a lower temperature mid-crustal manifestation of the deeper level CO2 infiltration proposed as a mechanism for granulite formation in this and other areas.
Introduction
Regional carbonate alteration of the crust, usually associated with major shear zones or tectonic lineaments, is observed in many terranes, with little consensus on the origin of the fluids involved. Baratov et al. Kerrich 1990 ). In this paper we describe the results of an isotopic study of regional carbonate alteration in southern India suggesting a possible link between this phenomenon, alkalic magmatism, and at deeper structural levels, granulite formation. The study area is a 20 km x 10 km tract of carbonate alteration of charnockitic ortho-and paragneiss within the prominent Attur shear zone in Tamil-Nadu, southern India (figure 1). The carbonates take the form of orange to pink ferroan dolomite and ankerite occurring as discrete rhombs or intergrown with silicate minerals, and diffuse patches of fine-grained calcite or discrete calcite veins. The carbonate alteration crosscuts the charnockites and gneisses along deformationinduced fractures but also forms widespread areas of more pervasive alteration (Khan 1989 ). Strontium, oxygen, and carbon isotope analyses of these rocks are used together with petrologic and field evidence to identify the nature and source of the fluids that caused the carbonate alteration within the Attur shear zone. The new data are combined with regional petrological and geochemical information to provide an integrated picture of the origin and magnitude of shear zone CO2 fluxes in the continental crust of this and other regions. The widespread (though controversial) petrologic and geochemical evidence for involvement of CO2 in granulite facies metamorphism in southern India (Hansen et al. 1987; Jackson et al. 1988) gives added relevance to this study.
Geological Occurrence
Regional Setting. Northern Tamil Nadu is part of a mobile belt (the Early Proterozoic mobile belt of the study area (figure 2). Slightly to the east of the intersection, a mass of dunite hosting India's largest magnesite deposit occurs. Alkali gabbro dikes cutting the dunite have an Rb-Sr whole rock age of 808 ± 18 Ma with a 87Sr/86Sri of 0.703 (Reddy et al. 1994 ). This is similar to the age of 720 ± 30 Ma reported by Deans and Powell (1968) for biotite pyroxenite from the Sevathur-Korati carbonatite complex north of the study area (see figure   1 and 2). Based on the isotope data presented in this paper, it is probable that carbonate alteration of the older granulites (and perhaps also the dunite) took place at approximately the same time as the carbonatite and alkali basalt magmatism and that the two events are related. For this reason, an age of -800 Ma is tentatively assigned to the carbonate alteration event studied here.
The alkalic-carbonatitic magmatism and carbonate alteration in this area may be related to a Late Pre-Cambrian generation of charnockitic alteration veins and larger masses of granulite facies rocks in southern India. Granulites of Late Archean age (ca. 2500 Ma) are found in the Krishnagiri area to the north of the area (figure 1; Peucat et al. 1989 Peucat et al. , 1993 (Khan, 1989) . The region affected is over 100 km long and about 10 km wide. For this study, an area of 20 x 12 km, 15 km east of Salem was selected (figures 1 and 2). Within this area, zones of carbonation are extensive, and numerous fresh quarry surfaces expose centimeterto meter-wide orange-pink carbonate veins which crosscut charnockite (figure 3A). This enables collection of both unaltered and carbonated material ranging from pervasively carbonated charnockite through bleached charnockite to fresh charnockite. Rock types found at this locality include charnockite of tonalitic-trondhjemitic composition that forms the dominant lithology (typically 50-70% of the outcrop area [Kahn 1989]), layers of highly folded two-pyroxene granulites (metabasalts), interbedded, banded magnetite quartzites, khondalites (quartzofeldspathic rocks with sillimanite and garnet), minor calc-silicate rocks, and late granites. Recrystallized ultramafic rocks (olivine-orthopyroxene-anthophyllite-Cr-rich hornblende-carbonate) also occur. Five discrete bodies of corundum syenite about 30 m thick, and a kilometer-long camptonitic lamprophyre dike are found within this region. A few meter-scale carbonatite dikes (sovites) occur west and north of the area, along with numerous shonkinite (alkali gabbro) dikes. These are probably related to the carbonatites and alkalic mafic and ultramafic rocks of the Sevathur area (figure 2). Other evidence for carbonate metasomatism in the study area includes the presence of abundant scapolite replacing plagioclase in the mafic twopyroxene granulites and in enclaves of silicate rock within the carbonated zones. Carbonate also occurs within olivine + orthopyroxene + anthophyllite + spinel assemblages of the recrystallized ultramafic rocks. These occurrences support the argument that the vein carbonate and related alteration are not the products of a low-temperature (<250°C) hydrothermal alteration process involving shallow ground water, but instead may form part of a metamorphic process that commenced at quite high temperatures. The commonly observed association ankerite + calcite + muscovite + albite + epidote + chlorite and rare actinolite belongs to that of shallow-level greenschist to lower amphibolite facies alteration, although some or all Although metasedimentary carbonate rocks are extremely rare in the study area, about 60 km to the south of here, around Shankari, extensive marble layers of Archean age are present. Two samples of these marbles, from near Jogipatti, were also analyzed. In the study area itself, only two minor occurrences of calc-silicate rocks of meter size are exposed.
Petrographic Description. Charnockites are well foliated dark greenish-grey rocks with alternating layers rich in mafic and quartzofeldspathic minerals. The foliation generally trends ENE-WSW, parallel to the Attur shear zone. These rocks are granoblastic and contain quartz (40%), plagioclase (An18.22, 20-40%), orthopyroxene (En55ss, 4-15%), and reddish-brown biotite (1-4%). Small quantities of perthite and brownish hornblende are also present.
Biotite gneiss is the next most abundant rock type after charnockite. These rocks form leucocratic "bleached" zones within charnockite, especially along shear zones, and appear to be products Carbon and oxygen isotope determinations on aliquots of the same carbonate concentrates were carried out at the University of Chicago. The samples had previously been finely ground in a pestle and mortar to ~2 pm for better reaction. Since it was impossible to separate physically the calcite and ankerite components because they were intergrown on such a fine scale, the samples were treated with 100% phosphoric acid for different periods of time and at different temperatures, in order to liberate CO2 from the calcite and ankerite separately. First the samples were reacted at 25°C for about 24 hrs, which liberated CO2 from the calcite component in the sample (McCrea 1950) . This was extracted, purified, and the carbon and oxygen isotopic composition was measured on a Delta E mass spectrometer. The remaining residue was then reacted at 50°C for another 24-48 hrs, which liberated all remaining CO2 in the sample, presumed to be mostly derived from the ankerite (Becker and Clayton 1972). The isotopic composition of the CO2 released at 50°C was also determined. A technique using ethylene diamine tetra-acetic acid (EDTA) was subsequently used for some samples, whereby the calcite was first dissolved in EDTA, and the ankerite residue was then treated with phosphoric acid at 50°C. This technique resulted in a more effective separation of calcite from ankerite.
The oxygen isotopic composition of plagioclase and quartz, separated by hand picking from several carbonated charnockites, was also determined. Oxygen was liberated from these samples using a fluorination technique similar to that described by Taylor and Epstein (1962) . Since field evidence points to a possible connection between the carbonatites and alkaline syenite on one hand and gabbro plutons and the carbonate alteration on the other, the isotopic composition of three carbonatites from the Sevathur body were also analyzed, together with two whole-rock samples of alkali gabbro dikes cutting the Salem dunite body. Rb and Sr were isolated using conventional cation exchange chromatography. Rb concentration data were determined by isotope dilution and using the UTD 12" radius Shields-type single collector thermal ionization mass spectrometer. Sr concentrations and isotopic compositions were determined simultaneously using very pure 84Sr spike and the MAT-261 multi-collector thermal ionization mass spectrometer at UTD. Fractionation corrections were made using S6Sr/"Sr = 0.1194, and 87Sr/86Sr for each sample was adjusted so that 87Sr/ 86Sr for the E&A SrCO3 standard = 0.70800. Accuracy for szSr/86Sr, which is fundamentally the longterm reproducibility of the E & A standard, under normal operating conditions is ± 0.00004 or better. Analytical precision for the data reported here, in all cases, was an order of magnitude better than this. Total processing blanks for Rb and Sr are less than 0.2 and 2 ng, respectively. For a few samples, corrections for Rb blank were necessary. approximating the time of breakdown of the ankerite and plagioclase, probably accompanying infiltration of water. These ages are interpreted as dating hydration and retrogression rather than simple post-granulite facies cooling, although the two events may have been almost simultaneous. Alternatively, it is equally possible that breakdown of ankerite and formation of low-temperature alteration minerals occurred during post-metamorphic uplift, long after both granulite facies metamorphism and the regional carbonate metasomatic process that is the subject of this study. Although there is probably no way to constrain the temperature of ankerite formation very precisely, the combined isotopic and textural evidence suggests that it formed at (or above) a temperature of approximately 500°C and closely approached oxygen isotope equilibrium with the silicate minerals. Such a high temperature for carbonate alteration suggests that in southern India there may be a connection between carbonate metasomatism and ankerite formation, and at deeper crustal levels and higher temperatures, granulite formation. There is widespread mineralogical evidence in southern India for the formation of granulite facies, orthopyroxene-bearing charnockite from pre-existing amphibolite facies gneiss, accompanied by a change from H20-dominated to CO2-dominated fluid inclusions (e.g., Newton 1985 Newton , 1990a . This transition has been interpreted to result from infiltration of CO2-rich fluids into amphibolite-facies gneisses at temperatures of ~-750°C (Newton 1985; Hansen et al. 1987) .
Results

Stable
The carbonated gneisses we have studied may represent a slightly lower temperature and lower pressure consequence of the same phenomenon. In addition to the abundant alkaline igneous rocks along the length of the Attur lineament (including carbonatites, alkali gabbros, and syenites), it is possible that some of the massif charnockites that dominate large parts of the southern India highgrade terrane may themselves also represent CO2-rich intrusive magma bodies (Howie 1955 This model of combined carbonate metasomatism and granulite formation occurring simultaneously at different crustal levels is consistent with the model of Farquhar and Chacko (1991) , who studied the partially charnockitized locality at Ponmudi in Kerala (see figure 1) . Based on "C/ 12C and carbon abundance data, they suggested that at Ponmudi, biotite dehydration had been driven by release of CO2 from intrusive charnockite dikes. The same magmas, intruding at higher crustal levels, could have caused the carbonation within the Attur shear zone. The similar, Late Proterozoic age of igneous rocks and chamrnockite from both areas further supports this correlation.
In figure 11 we address the question of how much magma would have been required to cause the observed carbonation in the Attur shear zone and other terranes. The average weight fraction of CO2 within the rocks of a carbonated gneiss terrane is hard to estimate precisely, but approximate ranges for the Attur shear zone (2.5 to 5 wt %) and northeast Africa (5 to 10 wt %) are indicated based on field mapping (Khan 1989; Stern and Gwinn 1990) . If this CO2 is derived from magmas, then we can calculate the mass of magma required, assuming that all the CO2 originally dissolved in the magma is added to the crust of these regions. Four curves are plotted corresponding to magmatic CO2 contents ranging from 30% (carbonatite) to 2% (alkali basalt). It is evident that for the Attur shear zone, even if the CO2 was derived exclusively from basalt, a magma/crust ratio of only 2: 1 would be required. For carbonatite the ratio would be as little as 1:5. These are still much larger quantities of carbonatite or alkali gabbro than are actually observed within the Attur shear zone, but much of the magma may have passed through this region and intruded at higher crustal levels or been erupted at the surface (see figure 10) Hypotheses invoking the influx of CO2-rich fluids as a leading cause of granulite formation have been criticized in part due to the absence of a significant regional carbonate enrichment in granulite terranes. Carbonated shear zones provide direct evidence for such an influx, although at shallower levels than those of granulite formation. In India, our isotopic study has implicated CO2-rich mantle-derived magmas as the primary source of the carbonate. Any continental region where CO2-rich magmatism is prevalent (most notably intracratonic regions) has the potential to experience carbonate metasomatism of this type, the mineralogical consequences dependent upon the level within the crust (and hence the temperature) at which this occurs. Carbonated gneiss terranes provide evidence for major CO2 outgassing events, with potentially important relevance to the geochemical cycle of carbon (Veizer et al. 1989 ).
